Abstract-This paper introduces a new method for the design and realization of two monopulse antennas with circular polarization and unique phase center for two different frequency bands. The design uses a compact sequential-rotation serially fed 2×2 patch array for each section of the monopulse antenna for X band at 8.2 GHz and a patch for S band at 2.25 GHz. The patches are placed on one layer, and the monopulse network and feeds are placed on different layers. The antennas use sequentialrotation serial feeds with four and three probes for X band and S band, respectively. Also, the packaging and coupling effects are considered and compensated for this design. Finally, the antenna with a compact multi-layer structure is fabricated, and the simulation results are validated. The bandwidth of X band monopulse antenna system is at least 12.7% in simulation and 10% in fabrication, and it is about 10.2% and 10.3% for S band in simulation and fabrication, respectively. While the phase centers of both frequency bands are approximately at one point, the antenna system can be employed as a feed for reflectors.
INTRODUCTION
Earth stations, radar systems, and other direction finders usually need auto-track system to find the accurate angle of the incoming wave. Monopulse tracking system is a well-known auto-track technique that gives a fast and accurate response [1] . It is known that the antenna system consists of feed lines, 90 • hybrids or 180 • hybrids and antenna elements. The enhancement on the components of the monopulse antenna and comparator is an area of interest for many new records. For example, 180 • hybrids based on the Wilkinson power divider and Gysel power divider are introduced respectively in [2] and [3] to obtain a suitable structure for constructing monopulse comparator network. Other examples are the dual-band rat-race coupler that uses a dual-band 180 • phase shifter in place of a simple line [4] and the complete monopulse comparator network with four rat-race hybrids in [5] .
Complete monopulse antenna and comparator network with linear polarization (LP) are also presented in many recent reports such as [6] and [7] with single-layer array and slot antenna array on substrate integrated waveguide (SIW), respectively. In addition, circularly polarized monopulse antennas are studied in some recent papers using SIW slot array antennas [8] , radial line slot antennas [9] and dual-band dielectric rod antennas [10] . Nevertheless, the design of an antenna with circular polarization is a classic topic and the improvement is still a frequent subject. For example, one technique is the employment of multilayer substrate with different structures on each layer [11] [12] [13] [14] . The axial ratio (AR) bandwidth (BW) of multilayer structures can be improved if the layers are separated with air or foam layer, and one or more probes are used between the layers [15, 16] . As can be found in [16] [17] [18] [19] , circular shape usually produces better results for the circular polarization (CP).
It is known that a very useful technique for improvement of the axial ratio bandwidth of antenna arrays is to match the angular and phase arrangements of the elements and use the sequential-rotated array [20, 21] . The combination of this method with others improves the performance considerably [22] [23] [24] [25] [26] [27] [28] [29] [30] . A new technique is a serially fed sequentially rotated antenna array used for one multi-feed antenna in [31] as a shorted-annular-ring reduced-surface-wave patch antenna and in [32] as a three-probe-fed circular patch antenna suitable for arrays. This antenna is also used in this paper, for the monopulse system. This paper proposes a monopulse antenna and comparator network with right-handed circular polarization (RHCP) for two frequency bands. Two sets are separately designed and placed so that the phase centers of both are located approximately on a point to make it useful as the reflector feeder. While the antennas are separately designed, and the restrictive design methods for dual band antennas are not used, this design can be generalized for any two frequency bands with enough distance.
The components of the monopulse antenna are introduced in the next section. The structure uses 3 substrates with 6 metal layers. Two substrates are for the monopulse comparator of each frequency band, and the antennas are placed on the front layer of the other substrate. The detailed explanation is given in the third section.
MONOPULSE ANTENNA AND COMPARATOR COMPONENTS

Feed Network
The monopulse network is constructed using simple circular 90 • hybrids as shown in Fig. 1(a) for the X band. The only difference with the normal square type 90 • hybrid is the 90 • physical angle between feed lines, which makes the construction of a total network easier as shown in Fig. 2 . The phase difference and reflection coefficient are shown in Fig. 1(b) , and transmission and isolation are shown in Fig. 1(c) . The desired frequency for the X band antenna is 8.2 GHz, and the wide bandwidth improves the signal quality. This hybrid has the 90 ± 0.3 • phase difference between S 13 and S 14 further than 7.7 GHz in the simulation. Also the amplitude difference does not exceed 0.5 dB after 7.8 GHz, and the isolation and reflection are fine throughout the bandwidth.
The monopulse comparator is composed of four 90 • hybrids as shown in Fig. 2 . As can be calculated explicitly that if all the antennas had a same geometrical angle, P 3, P 4 and P 1 were the sum, azimuth and elevation differences outputs, respectively. However, it is shown that the geometrical angle for A3 and A4 are assumed to be 180 • ; therefore P 1, P 2 and P 3 are the sum, azimuth and elevation differences outputs, respectively. It can be obtained by replacing The widths of input and output lines are 1.94 mm on the substrate with h = 0.762 mm and r = 2.55, which bring in 50 Ω impedances at X band. The desired frequency for the S band antenna is 2.25 GHz, and the same monopulse network with same 90 • hybrids is used for the S band. The widths of input and output lines are 6.28 mm (h = 1.524 mm and r = 2.55), and Z 0 is also about 50 Ω for this frequency band.
Antenna Elements
A circular patch with four probes of 3.5 mm diameter is used for each quarter of S band antenna as shown in Fig. 3(a) . The probes are serially fed with 90 • geometrical and electrical angle. For each quarter of X band antenna, a 2 × 2 array of circular patches with three probes of 1 mm diameter is used as shown in Fig. 3(b) . These arrays should be placed between the sections of the S band antenna and should be as compact as possible; hence the sequentially rotated serial feed is used. Radii of the patches are not the same and obtained during optimization for symmetric pattern and best axial ratio bandwidth. The consequent monopulse antenna and network arrangement for X band is shown in Fig. 3(c) . Feed lines and comparator network are on the back layer, and the patches are on the front layer, as will be explained in next section.
The difference between the numbers of probes for X band antennas and S band antennas is due to the difference between the widths of substrates of feed lines of the two antennas. It is observed empirically that four probes give better response for the S band antenna while the substrate width of the S band feed line is about half of the X band substrate width proportional to the wavelength.
The input impedance of the probes (Z p ) is dependent on the position and size of them and top layer patch while the impedances of lines between probes (Z i ) are dependent on the width of them and the permittivity and height of substrate, explicitly. For impedance matching of the sequentially-rotated serial-feed-line with N probes, there are infinite solutions for Z i s and Z p , with i = 1, 2, 3, . . . , N − 1 and N > 2, since only one complex equation should be met for lossless lines:
with in = Z p (see Fig. 3(d) ). A simple solution with no reflections is given in [32] , and it is explained that the impedance matching is not the only requirement while the power delivered by each probe should be akin with the others. Therefore, we should have |Z (i) in | = Z p /(N + 1 − i) for lossless lines. These equations give approximate values for the impedances in a single frequency. Anyway, there are some losses for the lines. Z p is unknown, and wideband matching is required. Therefore, a combination of this method and simulation optimization produces best results for the impedances of lines. The resulting impedances for the antenna with four probes are shown in Fig. 3(a) with optimization on the axial ratio bandwidth.
MONOPULSE ANTENNA AND COMPARATOR TOTAL ARRANGEMENT
The consequent design with three substrates has six metal layers named L1 to L6 in Fig. 4(a) , and the antennas and feed lines for X band are shown in Fig. 4(b) . Antenna patches are placed on L1 which is the top layer of the front substrate. Major parts of the next layer, L2, which is the metal layer behind the front substrate, are removed to allow the connections between feed-lines and patches. There are only two rectangular planes on L2 over the X band output lines to block radiation of them. These lines are placed on L3 that is the top layer of the middle substrate. They are extended to reach the box sides, and thus they can affect the circular polarization without being blocked by the L2 planes. Also the monopulse comparator of X band and the feed networks are placed on L3. The feed lines are connected to the small patches of L1 with 1 mm probes. In the same way, the monopulse comparator and the feed network of S band are placed on L5 that is the top layer of the behind substrate. The S band feed lines are connected from L5 to the large patches of L1 with 3.5 mm probes. Finally, the ground planes of the two frequency bands are shown as L4 and L6.
Therefore, there are three substrates with 2.55 relative permittivity and 0.0015 dielectric loss tangent. The thickness of back substrate, between L5 and L6, is 1.524 mm. The thickness of middle substrate, between L3 and L4, is 0.762 mm, and the thickness of front substrate, between L1 and L2, is also 0.762 mm. It can be seen that the surface of the middle substrate is 105 × 270 mm 2 , and the other substrates are 270 × 270 mm 2 .
While the distance between the box sides and X band ground plane to the S band antenna is much less than the wavelength of the S band, and the coupling effect is important for this frequency band. Therefore, a copper sheet is connected to the surrounding metal box parallel with the substrates to compensate the coupling effect of the X band ground plane. The small side of copper sheet determines the aperture size between the S band feed lines and the patches. Hence, it should not widely differ from 50 mm as shown in Fig. 4 to prevent the frequency band from significant shifting.
Simulation results of the consequent antenna are indicated in Fig. 5(a) . It can be observed that the (a) (b) Figure 5 . Simulated radiation pattern using HFSS; RHCP gain of (a) the X band at 8.2 GHz and (b) the S band at 2.25 GHz.
RHCP gain and null depth are at least 15 dB for both frequency bands. Beam width is narrower, and side lobe level (SLL) is better for the X band antenna since it uses 2 × 2 array for each section instead of one patch as explained before. The fabrication method is as simple as what mentioned in [30] for one antenna, except that one should regard the collocation for each substrate. The realized antenna is shown in Fig. 6 , and the radiation patterns of the S band antenna for the excitation at different inputs are compared with the simulation results in Fig. 7 . Therefore, the monopulse antenna is assumed as the transmitter, and a vertically polarized antenna is used as a receiver for both φ = 0 • and φ = 90 • patterns. The monopulse antenna is placed so that the φ = 90 • arrow stands vertical plane and that the φ = 0 • arrow is turned in the horizontal plane for the φ = 0 • patterns. Obviously the arrows are swapped for the φ = 90 • patterns. Consequently, the gain in φ direction is obtained in both situations. It is seen that in these patterns null depth is further than 25 dB while the SLL decreases. It is possible to improve the SLL using larger arrays or adding absorbent walls around the antenna; however it is not necessary for our design since the side lobes are outside the spatial angle of the reflector. Similar results are shown for the X band antenna in Fig. 8 . It indicates an almost good agreement between measured and simulated results except the SLLs of some radiation patterns which are higher than what is expected. A good evidence for the sameness of the phase center is the process of radiation pattern measurement, since it is performed without repositioning the antenna.
A distinction for this antenna is the wide bandwidth for both frequency bands. Simulated and measured reflections and axial ratio of the X band antenna are given in Fig. 9 . It can be seen that the limitations of bandwidths are from the reflections because the axial ratio is less than 3 dB wherever the return loss is more than 10 dB. Therefore, the bandwidth is 12.7% in simulation and 10% in measurement for the X band antenna. It should be considered that the reflection of the Q port, which is shown by P 4 in Fig. 4 , is not assumed in the bandwidth calculation, since it will not be used in the monopulse system. Similar results are provided for the S band antenna in Fig. 10 as well as the axial ratio without the copper sheet. It can be observed that the axial ratio of this structure does not reduce to 7 dB without the copper sheet. In addition, the bandwidth is 10.2% in simulation and 10.3% in measurement for this frequency band. We observe in Fig. 10(c) that the reflections of some ports are smaller than what we have expected. It is due to the solders between serial feeds and probes that decrease the discontinuity and improve the performance uncontrollably. Some important characteristics of the antenna for the reflector application are given in Table 1 . 
CONCLUSIONS
This paper presents the design and realization of circularly polarized dual-band monopulse antenna with unique phase center that can be used as a feed for a reflector antenna. The antennas are designed separately for each frequency band and placed on a substrate in the vicinity of each other, and the feed networks are placed separately on different layers. The coupling effect for the S band antenna is compensated using a copper sheet bellow the X band feed network. The design presented in this paper has been efficiently applied as a feed antenna for remote sensing earth station and has been validated experimentally. Good agreement between simulated and experimental results is observed, and a bandwidth of more than 10% for each frequency band has been achieved. This method can cover any desired dual-frequency-bands with enough distance.
